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Introduction
described, for the first time, in a canine model, intraventricular pressure gradients (IVPGs) during diastole and later showed that they were diminished by ischaemia and related to systolic function (Courtois et al. 1990 ). More recently, we reproduced those observations in an animal model, but also showed the occurrence of systolic IVPGs in the left ventricle (LV) . We demonstrated that IVPGs are modulated by non-uniformity between the basal and apical myocardial segments (Guerra et al. 2013a) . Moreover, diastolic and systolic IVPGs, which are markers of normal segmental function, can be attenuated, lost entirely or even reversed when ventricular emptying is opposed by afterload elevation (Guerra et al. 2013a) , after regional acute ischaemia (Guerra et al. 2013a ) and in heart failure (Guerra et al. 2013b) . Smiseth et al. (1998) showed, in both animals and humans, that diastolic IVPGs are strongly correlated with peak early transmitral flow, markedly increase during volume loading and decrease during a reduced LV filling caused by caval constriction. Furthermore, Firstenberg et al. (2001 Firstenberg et al. ( , 2008 showed that improvements in LV systolic and diastolic function after coronary artery bypass grafting are correlated with diastolic IVPG recovery. The same group also showed that IVPGs are lower in patients with hypertrophic cardiomyopathy than in healthy subjects and improve after percutaneous septal ablation (Rovner et al. 2003) . Altogether, observations highlight the crucial importance of IVPGs to efficient LV diastolic filling (Firstenberg, 2013) and suggest that any condition that interferes with the normal sequence of relaxation might be expected to change the physiological IVPG pattern (Guerra et al. 2011b) . In patients with aortic valve stenosis (AS), LV hypertrophy and disturbances of the myofilaments and of the extracellular matrix lead to diastolic dysfunction (Falcão-Pires et al. 2011; Gavina et al. 2016) and LV filling pressure elevation (Murakami et al. 1986; Casaclang-Verzosa et al. 2008) . After aortic valve replacement (AVR), sudden afterload relief improves LV function, but filling pressures may remain increased for years in some patients, worsening postoperative outcomes (Mihaljevic et al. 2008; Gavina et al. 2014 Gavina et al. , 2016 .
In this setting, the present study was conducted to characterize diastolic and systolic IVPGs throughout the cardiac cycle in patients with severe AS and to evaluate the immediate effects of AVR on IVPGs and LV function. In fact, the assessment and measurement of IVPGs and their modulation in cardiac diseases may provide novel insights into cardiac physiology.
Methods
The study was approved by the Ethics Committee of Centro Hospitalar de Vila Nova de Gaia/Espinho, Portugal (108/2011). It was conducted in accordance with the principles of the Declaration of Helsinki and with Portuguese laws and complied with the principles outlined in the International Conference on Harmonisation of Good Clinical Practice. All patients received a full explanation of the study objectives, the interventions to be performed, their risks and benefits and signed an informed consent form. Any death or major complication during the study period required the hospital ethical commission to be informed.
Study population
Patients of either sex between 65 and 80 years of age referred for AVR because of degenerative severe AS (aortic valve area <1.0 cm 2 or mean aortic-ventricular gradient >50 mmHg, with symptoms such as dyspnoea on exertion, angina or syncope) were recruited. All patients were evaluated by thoracic angiotomography, transthoracic echocardiography and coronary angiography. Exclusion criteria were as follows: concomitant moderate or severe mitral regurgitation; mitral stenosis, regardless of severity; history of previous cardiac surgery; coronary artery disease; concomitant aortic regurgitation; calcification of the ascending aorta; history of surgical or percutaneous aortic valvuloplasty; history of ethanol abuse; and chronic obstructive pulmonary disease that was worse than mild as assessed clinically and/or confirmed by pulmonary function testing. Baseline and follow-up clinical variables, including age, sex, cardiovascular risk factors and/or procedure-related variables, were obtained from medical records. Intraventricular pressure gradients in aortic stenosis M. Guerra and others through a purse-string in the apical myocardium wall. The catheters were positioned in the LV apex and in the LV outflow tract (subaortic valve). Three ECG electrodes were also connected to the patient. The ECG waveforms and ventricular pressure signals were digitally recorded with a data acquisition system, which was connected to a computer, and analysed offline. B, transoesophageal echocardiography, mid-oesophageal long-axis view, demonstrating catheter tip (white arrow) localized below the aortic valve in the LV outflow tract. Abbreviations: Ao, ascending aorta; LA, left atrium; LV, left ventricle. 
Intraoperative procedure
All patients underwent routine induction of general anaesthesia, median full sternotomy and pericardiotomy. After cannulation of the great vessels and systemic heparinization, two high-fidelity pressure catheters (Cardiovascular Millar Mikro-Tip R , Millar Instruments, Houston, TX, USA) were inserted inside the LV cavity. As previously described (Guerra et al. 2011a) , the intraventricular catheters were inserted through an apical puncture wound into the LV cavity. One was pulled carefully back toward the endocardium and secured in place with a purse-string suture to measure apical LVP. The other was introduced until we could see the impact from the aortic valve on the pressure trace. The catheter then was pulled back 5 mm below the aortic valve so that it was located in the LV outflow tract to measure basal LVP (Fig. 1A) . Appropriate anatomical placement was confirmed through the use of transoesophageal echocardiography and visualization of appropriate chamber-specific waveforms (Fig. 1B) . 
Haemodynamic measurements
Recordings were obtained in stable conditions at held end expiration, before cardiopulmonary bypass and after complete weaning from cardiopulmonary bypass and volume infusion to restore haemodynamic conditions. Intracardiac LV apical and outflow tract pressures were continuously acquired (MPVS 300; Millar Instruments, Houston, TX, USA), digitally recorded at a sampling rate of 1000 Hz (ML0 PowerLab 16/30; ADinstruments, Oxford, UK), and analysed offline (Labchart 7 Pro; ADinstruments, Colorado Springs, CO, USA). Haemodynamic comparisons before and after AVR were performed at matched diastasis pressures. During this period of data collection, no patient required vasopressor, inotropic or external pacing support. After data collection, the catheters were removed, systemic heparinization was reversed, and the operative procedure was concluded in the conventional fashion. Left ventricular pressures were measured at end diastole (LVP ED ), at pressure nadir (LVP min ) and at peak systole (LVP max ). Peak rates of LV pressure rise (dP/dt max ) and pressure fall (dP/dt min ), as well as the time to dP/dt min from end-diastole, were also measured. Relaxation rate was estimated with the time 13.4 ± 2.4 13.0 ± 2.5 10.3 ± 2.2 Posterior wall thickness (mm) 12.5 ± 2.0 11.0 ± 1.6 9.9 ± 2.1 Pulmonary artery pressure (mmHg) 38.7 ± 13.9 26.0 ± 7.1 24.7 ± 1.5 * Left ventricular ejection fraction (%) 53.0 ± 9.6 58 ± 4.0 68.1 ± 4.5 * Values are expressed as means ± SEM. * P < 0.050 versus preoperative.
constant τ by fitting the isovolumic pressure fall to a monoexponential function. The IVPGs were calculated as apical minus outflow tract LVP.
Echocardiography
All patients had standard two-dimensional echocardiographic examinations before and after AVR (at discharge and the third month) according to the recommendations of the American Society of Echocardiography. Left ventricular ejection fraction (LVEF) was assessed visually by a trained echocardiographer. The aortic valve area was calculated using the continuity equation based on flow velocities measured in the LV outflow tract and across the valve. Doppler flow data were acquired from the LV outflow tract region in pulsed wave mode and from the aortic valve in continuous wave mode in the five-chamber view. Pulmonary artery systolic pressure was estimated from tricuspid regurgitation velocity using a simplified Bernoulli equation and estimated right atrial pressure based on inferior vena cava size.
Statistical analysis
Statistical analysis was performed using GraphPad 6.0 software (GraphPad Software Inc, San Diego, CA, USA). Group data are presented as the means ± SEM and were compared using two-way repeated-measures ANOVA and Student's paired t test for systolic and diastolic parameters before and after AVR. Preoperative, postoperative and late echocardiographic data were analysed using one-way repeated-measures ANOVA, and IVPGs throughout cardiac cycle were analysed with Student's paired t test. The Holm-Šídák multiple comparison test was used to perform pairwise comparisons. Statistical significance was assumed at a value of P < 0.05.
Results

Patient data and in-hospital outcomes
The study included 10 patients (four males; mean age 71.3 ± 4.8 years old). Patients' preoperative variables, demographics, risk factors and co-morbidities are summarized in Table 1 . All patients received biological sutureless prostheses (Freedom Solo, Sorin R (LivaNova, Sorin Group, Saluggia, Italy)). The distribution of the size of implanted prostheses, operative times and other intraoperative data are shown in Table 2 . All patients were extubated in the operating room, vasopressors and inotropes were not required, and median hospital stay was 5 (interquartile range 5-7) days. No in-hospital deaths or major complications were observed.
Left ventricular systolic and diastolic function before and after aortic valve replacement
Haemodynamic and echocardiographic data are listed in Tables 3 and 4 . During systole, LVP max , aortic-ventricular pressure gradients and dP/dt max decreased immediately after AVR and LV relaxation rate improved as assessed by the time constant of isovolumic relaxation, τ (Table 3 ). In contrast, minimal and end-diastolic LV pressures and heart rate were not changed. However, LV mass and pulmonary artery systolic pressure were significantly lower 3 months after AVR. The LVEF also improved on follow-up (Table 4) .
Intraventricular pressure gradients before and after aortic valve replacement
Figure 2 displays regional intraventricular pressures and IVPGs between the the LV apex and outflow tract in a representative patient before and after AVR. Apex-to-outflow tract mean and peak pressure gradients before and after AVR are shown in Table 5 . In all patients, during early filling, the pressure nadir in the apex preceded that in the LV outflow tract (525 ± 27 versus 584 ± 38 ms, P < 0.05, and 540 ± 36 versus 587 ± 23 ms, P < 0.05, before and after AVR, respectively; Table 3 ), creating a negative intraventricular gradient (ventricular suction) in the direction of the apex. The duration of early diastolic filling was similar before and after AVR (163 ± 30 versus 144 ± 11 ms, P = 0.29), but the absolute value of IVPGs during this phase significantly increased after AVR (peak, −0.82 ± 0.45 versus −3.97 ± 0.42 mmHg, P < 0.05; and mean, −0.75 ± 0.66 versus −2.47 ± 0.53 mmHg, P < 0.05; Fig. 3A) . In late filling, the apical pressure started to rise before outflow tract pressure, thus creating a positive apex-to-outflow tract pressure gradient. The diastolic flow propagation was now directed towards ) we observed an outflow tract-to-apex intraventricular pressure gradient (IVPG) in early diastole and an apex-to-outflow tract IVPG in late diastole, whereas during systole we recorded only one apex-to-outflow tract gradient throughout ventricular emptying (a). B, after AVR, during diastole (b) we observed, compared with before AVR, an increased outflow tract-to-apex IVPG in early diastole and an enhanced apex-to-outflow tract IVPG in late diastole, whereas during early systole we recorded an IVPG from apex to outflow tract, which inverted during late systole (a). the outflow tract. The duration of late diastolic filling was similar before and after AVR (127 ± 23 versus 120 ± 19 ms, P = 0.54), but IVPGs during this phase also significantly increased after AVR (peak, +1.23 ± 0.37 versus +2.12 ± 0.12 mmHg, P < 0.05; and mean, +0.70 ± 0.55 versus +1.14 ± 0.59 mmHg; P < 0.05; Fig. 3B ). During systole, before AVR we observed a positive pressure gradient between the apex and outflow tract during both rapid (peak, +1.60 ± 0.21 mmHg; and mean, +1.14 ± 0.24 mmHg) and slow ejection phases (peak, +1.68 ± 0.12 mmHg; and mean, +0.98 ± 0.15 mmHg), whereas after AVR the positive gradient (peak, +1.54 ± 0.15 mmHg; and mean, +1.19 ± 0.18 mmHg) during rapid ejection was inverted (peak, −3.92 ± 0.34 mmHg; and mean, −1.92 ± 0.56 mmHg) during the slow ejection phase (P < 0.05; Fig. 3C and D) . This pressure gradient pattern during ventricular emptying paralleled the aortic-ventricular pressure gradients (Fig. 4) .
Discussion
The present work studied IVPGs throughout the cardiac cycle in patients with severe AS, before and immediately after AVR. We confirmed the existence of diastolic and systolic IVPGs in the human LV and demonstrated, for the first time, that early diastolic IVPGs observed during normal ventricular filling improved after AVR. Moreover, we showed that biphasic systolic IVPGs, which are markers of normal ventricular emptying, were not observed before AVR but reappeared immediately after AVR. These findings complement our previous animal experiments demonstrating that normal diastolic and systolic IVPGs are modulated by physiological non-uniformity between the basal and apical myocardial segments and that IVPGs can be attenuated, lost entirely or even reversed when ventricular emptying is opposed by afterload elevation (Guerra et al. 2013a) , after regional acute ischaemia (Guerra et al. 2013a) and in failing hearts (Guerra et al. 2013b) .
We hypothesized that any condition that interferes with the normal segmental function and ventricular filling, such as severe AS, might be expected to alter the physiological IVPGs throughout the cardiac cycle. In fact, LVEF, the currently recommended parameter for assessing LV function in severe AS (Bonow et al. 2008) , represents a rather crude measure of LV function in this setting (Bruch et al. 2004) . More than half of the patients with severe AS and congestive heart failure have normal LVEF (Dineen & Brent, 1986) . Decreased tissue Doppler-derived myocardial velocities (Bruch et al. 2004 ) and strain/strain rate (Kowalski et al. 2003; Poulsen et al. 2007) have been reported in patients with AS and normal LVEF, allowing an earlier identification of LV dysfunction. Left ventricular torsion, twisting and untwisting have also been shown to be integral components of ventricular contractility, diastolic suction and filling both in normal subjects and in different cardiac diseases (Sengupta et al. 2008) . In previous tagged magnetic resonance imaging studies, changes in LV rotation parameters have been described in AS patients (Stuber et al. 1999; Nagel et al. 2000) . However, the pattern of recovery of diastolic dysfunction after AVR is unclear, and few studies have focused on the relationship between ventricular filling and its potential The presence of a left ventricle-aorta gradient before AVR was abolished after AVR. Moreover, the systolic intraventricular pressure gradient was biphasic after AVR and paralleled the physiological aortic-ventricular pressure gradients, with aortic pressure being lower than LVP during rapid ejection and higher during the slow ejection phase. Note that inside the left ventricle we recorded a similar pressure gradient pattern between the apex and outflow tract.
impact on the recovery of diastolic dysfunction after AVR. In AS, pressure overload leads to several structural, haemodynamic and functional changes. In our study, all patients had severe AS and, despite preserved LVEF, they presented impairment of ventricular filling as indicated by the increase in the time intervals to apical and basal peak dP/dt min , as well as by the increase in the time constant of isovolumic relaxation. Moreover, before AVR, the normal base-to-apex IVPG observed during early diastole was attenuated, indicating impairment of ventricular filling. This pressure gradient, a marker of diastolic suction, observed along the basal portion of the LV and directed to the apex, was significantly enhanced after AVR. During the subsequent ventricular filling, the pressure gradient reversed, and we recorded a normal IVPG from the apex to the outflow tract. This late diastolic IVPG, which we previously showed to be lost in systolic heart failure (Guerra et al. 2013b) , was attenuated in severe AS patients but significantly improved after AVR. This biphasic diastolic IVPG plays an important role in intraventricular flow and vortex formation. In fact, in normal subjects, >40% of LV untwisting is completed in the first part of diastole (Notomi et al. 2006) . In normal subjects, a rapid diastolic apical back rotation causes a fast decline in LV pressure that plays an important role in the suction of blood into the ventricle, promoting its filling at low pressures. The untwisting process generates a negative IVPG and contributes to LV suction (Carrick-Ranson et al. 2013 ) and enhanced early diastolic filling (Notomi et al. 2006) . This early, rapid LV untwisting process is supported by active (potential energy stored from the active systolic twist) and passive mechanisms (potential energy transformed into kinetic energy). In AS, subendocardial ischaemia (Symons et al. 2001) may alter the active part of diastolic untwisting, and the resulting relaxation abnormality, which is frequent in AS, may in turn further compromise the LV untwisting and filling (Popescu et al. 2010) . This vicious circle may ultimately lead to significant LV dysfunction and symptoms.
During systole, normal IVPG pattern observed in healthy hearts, characterized by an apex-to-outflow tract gradient during rapid ejection followed by an outflow tract-to-apex gradient during the slow ejection phase, was also lost in patients with severe AS before AVR, but it was restored immediately after AVR. In fact, in normal hearts, the systolic IVPG pattern parallels the physiological aortic-ventricular pressure gradients observed between the aorta and the LV, with aortic pressure being lower than LV pressure during rapid ejection and higher during the slow ejection phase.
The importance of IVPGs in patients with severe AS has so far not been entirely evaluated. However, we demonstrated that in patients with severe AS, both diastolic and systolic IVPG are significantly attenuated, but can be restored immediately after AVR. It would be interesting to test whether changes in IVPG have a prognostic role in patients with asymptomatic AS. A proof of the prognostic role or of the ability to identify incipient LV dysfunction or lack of functional reserve may aid clinical decision-making, turning non-invasive IVPGs (Yotti et al. 2014) into useful clinical tools.
